Currently, the development of ultraviolet (UV) photodetectors (PDs) has attracted the attention of the research community because of the vast range of applications of photodetectors in modern society. A variety of wide-band gap nanomaterials have been utilized for UV detection to achieve higher photosensitivity. Specifically, zinc oxide (ZnO) nanomaterials have attracted significant attention primarily due to their additional properties such as piezo-phototronic and pyro-phototronic effects, which allow the fabrication of high-performance and low power consumption-based UV PDs. This article primarily focuses on the recent development of ZnO nanostructure-based UV PDs ranging from nanomaterials to architectural device design. A brief overview of the photoresponse characteristics of UV PDs and potential ZnO nanostructures is presented. Moreover, the recent development in self-powered PDs and implementation of the piezo-phototronic effect, plasmonic effect and pyro-phototronic effect for performance enhancement is highlighted. Finally, the research perspectives and future research direction related to ZnO nanostructures for next-generation UV PDs are summarized.
Introduction
In the past decade, the global consumption of energy and the population have increased signicantly; this has prompted the development of energy-efficient, sustainable optical energy detection systems. [1] [2] [3] [4] [5] [6] [7] Among the energy detection systems, presently, ultraviolet (UV) photodetectors (PDs) have drawn potential applications in society, the scientic community and military defense. [1] [2] [3] [4] Moreover, the human body is sensitive to UV radiation that may cause different types of diseases including cataracts and skin cancer. [8] [9] [10] [11] Thus, the development of modern efficient UV PDs is necessary. Fig. 1a shows the total solar radiation spectrum, where UV radiation falls in the higher energy region.
12 The UV spectrum can be classied into three bands (according to the International Commission on Illumination), which include the UVA wavelength range from 320 to 400 nm, UVB from 280 to 300 nm and UVC from 10 to 280 nm, 9, 13 where the content of UVA is the greatest in the solar spectrum. The working mechanism of UV PDs is mainly based on the photoconductivity effect, where under UV illumination on a wide band gap semiconductor, the absorption of UV light occurs, generating electron-hole (e À -h + ) pairs when the photon energy (hn) is larger or equal to the bandgap (E g ). The photogenerated electrons and holes are then collected in the external circuit in the form of a photocurrent. There are three main steps in the photoconduction process: (i) absorption of UV energy and generation of e À -h + pairs, (ii) separation of photogenerated e À -h + pairs through a transportation process and (iii) collection of photogenerated electrons and holes in the form of a photocurrent. Photogenerated electrons and holes can be separated for photocurrent generation by applying an external bias voltage or current (i.e. conventional) or generating an internal built-in electric eld (i.e. self-powered).
Over the last decades, UV PDs have been mainly based on thin-lm technology, and thus the photosensitivity of PDs is restricted by a limited UV exposure surface area. However, the eld of nanotechnology has allowed the direct realization of highperformance UV PDs by introducing high surface-to-volume ratio nanomaterials for multiple photon interactions. Nanomaterials offer tunable and unique optical, electrical, mechanical, and chemical properties over their bulk and thin lm counterparts. [14] [15] [16] Numerous wide bandgap nanomaterials including GaN, 17 ZnS, 18, 19 SiC, 20 ZnSe, 21 34 have been explored for UV PD applications. Among them, ZnO is preferable for use in UV PDs because it possesses unique properties, such as a wide direct bandgap ($3.37 eV), ntype semiconducting behavior, and large exciton binding energy of 60 meV at room temperature, which are attractive features for UV PDs.
35, 36 Basically, ZnO has three types of crystal structures, including wurtzite, zinc blende, and rock salt, where the thermodynamically most stable phase is wurtzite at ambient pressure and temperature. Wurtzite ZnO has a hexagonal structure belonging to the P6 3 mc space group with the lattice parameters of a ¼ 0.3296 and c ¼ 0.520 65 nm. 37 In the ZnO wurtzite structure, the Zn and O atoms are arranged in an hcp pattern and are stacked alternately along the c-axis, where each Zn atom is surrounded by four O atoms and vice versa, forming a tetrahedral non-centrosymmetric structure (Fig. 1b , wurtzite-structured ZnO atomic model).
38 Thereby, wurtzite ZnO shows piezoelectric ( Fig. 1c) and pyroelectric ( Fig. 1d) properties, which are additional features that improve the photoconductivity of ZnO-based UV PDs. 39, 40 Besides, ZnO is a biocompatible material, which can be applied directly for biomedical applications. Moreover, different dimensional ZnO nanomaterials ranging from 0 to 3D can be obtained for promising nanoscale applications. Fig. 1e shows a schematic summarizing the novel ZnO nanostructures, recently developed ZnO UV PDs and their future applications.
This review article focuses on the recent development of UV PDs based on energy-efficient ZnO nanomaterials. The characteristic photodetection parameters, photoconduction mechanism and novel ZnO nanostructures are briey discussed. The progress and current status of device fabrication approaches ranging from conventional to self-powered are highlighted. Also, recently coupled novel mechanisms such as piezoelectric, pyroelectric and plasmonic effects for performance assistance in ZnO self-powered UV PDs are discussed in detail. Finally, it is summarized by scientically analyzing the reported literature and concluded with possible future outlooks for nextgeneration high-performance UV PDs.
Characteristic parameters of UV photodetectors
For the detection of a light signal, the bandgap of a photosensitive material should be smaller or equal to the illuminated photon energy. Spectral photoresponse analysis of a UV PD primarily provides information about its UV signal detection limit. For photocurrent generation, the photogenerated electrons and holes need to be separated before recombination upon exposure to UV light on a PD. The response current of a PD is dened as the current generated by a PD under UV illumination, where the current generated only due to UV light can be distinguished. The term sensitivity of a PD provides information related to the signal-to-noise level upon exposure to UV light at a given intensity, and hence, both response current and sensitivity need to be larger for a given high-performance UV PD. The photodetection speed of a PD is another important parameter, which denes how a PD can detect a UV signal or how quickly it goes to its original state aer being switched off UV. Primarily, two parameters, response time and recovery time, dene the photodetection speed of a PD; hence, a rapid response (smaller values of response time and recovery time) UV PD is extremely important.
Furthermore, the additional photoresponse parameter, responsivity, of a PD provides information related to the generation of a response current per unit incident UV illumination power on a PD. In addition to study the noise-related signal of a PD, specic detectivity denes the information associated with the ability to detect a weak UV signal by a PD. In general, the specic detectivity of a PD is related to its noise, which arises from its thermal uctuations and dark current. Mainly, there are three types of noise present in a PD, including shot noise, Johnson noise and icker noise, where both Johnson and icker noise originate from thermal uctuation, and hence, play an important role in high frequency-and very low frequency-based PD. Table 1 summarizes the typical UV PD parameters and mathematical relations used to evaluate the overall photodetection performance.
Zinc oxide-based UV photodetectors
For photoconduction in a ZnO UV PD, the photogenerated electrons and holes under exposure to UV illumination are separated by an external (conventional PD) or internal (self-powered PD) driving force. Fig. 2 demonstrates the photoconduction mechanism of a ZnO NW-based UV PD ( Fig. 2a ) with exposure to UV illumination. 32 As shown in Fig. 2b (bottom schematic), due to the adsorption of oxygen molecules on the surface of ZnO NW, upward energy band bending takes place due to the formation of a low conductivity depletion layer in the dark (top schematic). Upon exposure to UV illumination, the photogenerated holes migrate to the surface of the NW along the potential slope originating from energy band bending for the desorption of adsorbed oxygen molecules, resulting in a reduction in the low conductivity depletion width. Fig. 2c shows the migration of the photogenerated holes (bottom schematic) for oxygen desorption and decrease in upward energy band bending (top schematic) upon exposure to UV illumination. Again, the oxygen molecules are re-adsorbed when the UV light is turned off and vice versa.
Various Among them, recently, the wetchemical-based approach has been widely applied due to its advantages such as relatively low temperature synthesis (mostly below 150 C), cost-effective and simple synthetic processes, and controllable nanostructure morphology, surface and dimensions. [60] [61] [62] [63] [64] [65] Additionally, it allows the direct growth of nanostructures on conductive or exible plastic substrates.
66,67
As shown in Fig. 3 
Conventional UV photodetectors
Conventional ZnO UV PDs are mostly operated by an external driving force in terms of voltage or current source. Upon exposure to UV illumination, photogenerated electrons and hole are driven by the externally applied driving force for the generation of a photocurrent. Therefore, the external driving force plays an important role in photogenerated electron and hole recombination, separation and transportation processes, which determine the overall photoresponse behavior of a conventional PD. Based on the device design and working mechanisms, conventional ZnO UV PDs can be classied into different categories.
3.1.1 Conventional metal-semiconductor-metal-based UV photodetectors. In the past decade, pristine ZnO oxide nanomaterials in conventional metal-semiconductor-metal (MSM) PDs have been widely applied for the detection of UV light due to their simple fabrication. Basically, conventional MSM PDs can be obtained using symmetric back-to-back ohmic contacts (non-rectifying type), symmetric back-to-back Schottky contacts (non-rectifying type) or asymmetric electrodes depending on the work function of the metal electrode and electron affinity of ZnO. An applied external voltage across the metal electrodes drives the photogeneration of electrons and holes to contribute to the photocurrent. Conventionally, due to their low charge carrier mobility, high resistivity and inherent defects, pristine ZnO nanostructure-based PDs suffer from a slow photoresponse speed in the range of a few seconds to minutes. 66 94 Chiu et al. fabricated Ga-doped ZnO for PD and a higher photoresponse was observed in the Ga-doped ZnO PD compared to the pristine ZnO PD. 95 Hsu et al. reported La-doped ZnO NWs for photodetection applications. 96 Kao and co-authors developed Sb-doped ZnO NWs for UV detection. 97 More detailed photoresponses of doped-ZnO nanostructure-based MSM-based UV PDs can be found in the review article. 98 In addition, doping of other elements such as nitrogen (N), 99 for the detection of UV light. Various MSM device congura-tions via alteration, ranging from non-rectifying to rectifying electrodes, have been applied predominantly for optimum photoconductivity at a low external bias voltage, where rectifying junction-based PDs commonly show a low dark current, fast switching behavior and controllable photoresponse performance under an external driving force compared to that of ohmic junctions.
109,110
Recently, atomically-thin 2D graphene was used with ZnO for the efficient collection of photogenerated charges in UV PDs due to its inherent intrinsic properties, such as outstanding mobility, transparency, mechanical stability, and exibility. A generated built-in electric eld at the interface of graphene and ZnO offers efficient charge separation and transportation for rapid photoconduction under an external driving force.
111-113
We fabricated a ZnO NW/graphene foam heterostructure for UV PD application, where highly dense ZnO NWs were direct grown on 3D graphene foam for efficient charge conduction and separation. 114 As shown in Fig. 4a , rst graphene foam was grown on 3D nickel foam followed by CVD, and then the nickel template was etched to directly grow ZnO NWs on graphene foam via the thermal evaporation technique. Fig. 4b shows a schematic diagram of the PD, and its respective I-V responses in both the absence and presence of UV are shown in Fig. 4c . Under UV illumination (365 nm, 1.3 mW cm À2 ), the current of the PD increased due to the increase in conductivity, where the cyclic photoresponse of the PD is depicted in Fig. 4d . At a bias voltage of 5 V, the PD showed a current response of 700 mA and response time/recovery time of 9.5 s/38 s (Fig. 4e) . With an increase in the bias voltage of the PD, the response current increased due to the increase in the dri velocity of charge carriers, where an $868% enhancement in response current was observed at a bias voltage of 8 V compared to that at a bias voltage of 1 V (Fig. 4f) . Moreover, we reported a ZnO NW/ graphene heterostructure UV PD (Fig. 4g) , 84 graphene/ZnO NW/graphene UV PD (Fig. 4h) , 115 and graphene-ZnO QDsgraphene UV PD (Fig. 4i) , 80 where faster and higher photoresponses were measured under UV illumination, and their overall photoresponse performances are listed in Table 2 .
Moreover, ZnO nanostructures were directly grown on carbon nanotubes (CNTs) for direct charge conduction, where CNTs provide rapid charge carrier transportation, for instance, Hart's group fabricated ZnO NWs-coated aligned CNTs, 116 where a faster photodetection performance of 0.25 s response time and 0.35 s recovery time was measured due to the direct transportation of photogenerated charges through aligned CNTs, which effectively reduced the recombination rate of the photogenerated electrons and holes under UV illumination. In addition, we fabricated ZnO QD-decorated CNTs for UV PD application, 117 and nearly 275% enhancement in response current was measured at 1 V bias voltage compared to the pristine ZnO QD PD.
The localized surface plasmon resonance (LSPR) effect of nanomaterials results in unique light absorption capacity, which photoexcites electrons in contact with ZnO upon exposure to UV light, thereby modifying the photoconduction. Fundamentally, nanomaterials (preferably NPs) based on noble metals such as Au, 118, 119 Ag, 120, 121 Al, 122 and Pt, 123 have attracted special attraction due to their efficient LSPR effects and widely coupled with ZnO nanomaterials for photoconduction enhancement. Liu et al. reported Ag NPs-decorated ZnO NWs for application in UV PDs, as shown in Fig. 5a (device schematic). 120 It can be seen from the I-V characteristics (Fig. 5b ) that upon exposure to UV light, the Ag NP-decorated ZnO NWs showed a higher photoresponse compared to their bare counterpart due to the enhancement in light absorption, which is related to the LSPR effect of Ag NPs. Fig. 5c shows the energy band of the Ag and ZnO heterojunction (top schematic), where under exposure to UV light, electrons and holes are photogenerated and hot electrons transferred from the Ag NPs to the CB of ZnO (bottom schematic), thereby enhancing the photoconduction. Similar results were also reported by Wang and coauthors, where Ag NPs were decorated on top of a ZnO lm for application in a UV PD, as shown in Fig. 5d (device schematic). 121 As shown in Fig. 5e , the Ag NP-decorated ZnO PD displayed a higher photoresponse performance compared to the pristine ZnO PD due to the LSPR effect of the Ag NPs. Lu and co-authors demonstrated an Al NP-decorated ZnO NR UV PD, where a superior enhancement in responsivity from 0.12 to 1.59 A W À1 and nearly 6-fold enhancement in sensitivity were measured in the Al NP-decorated ZnO NR PD compared to the pristine ZnO NR PD due to the localized surface plasmons (LSPs) of the Al NPs. 122 The authors also reported that the Al NPdecorated ZnO NR PD showed a faster photodetection speed of 0.030 s (response time) and 0.035 s (recovery time) compared to that of the bare PD of 0.80 s and 0.85 s, respectively, mainly due to the rapid resonant couplings between the LSPs of the Al NPs and excitons of the ZnO NRs. An Au NP-decorated ZnO NW UV PD was fabricated by Liu et al., 119 where $10 3 times enhancement in the sensitivity in Au NP-decorated ZnO NW PD was reported compared to that in the pristine ZnO NW PD due to the plasmonic enhancement in the light absorption efficiency of the Au NPs. In addition, an improvement in recovery time from $300 to $10 s was reported in the Au NP PD. 3.1.2 Schottky junction-based UV photodetectors. Generally, conventional MSM-based devices with non-rectifying electrodes show a higher dark current, slow photodetection speed in terms of response time and recovery time, and higher recombination rate of photogenerated charge carriers under UV illumination. However, Schottky junction-based UV PDs, i.e. Schottky barrier photodiodes, display a relatively low dark current, fast switching behavior and controllable photoresponse performance under an external driving force.
109,110
Various Schottky barrier-based ZnO UV PDs have been reported by researchers. Among them, graphene and ZnO Schottky barrier-based UV PDs have been drawn signicant research interest due to the intrinsic properties of graphene, as discussed earlier. The difference in the work function of graphene and ZnO creates a rectication barrier, which can be directly applied for both efficient charge transportation and Schottky barrier formation for carrier separation. Nie and coauthors fabricated a PMMA-supported monolayer graphene (MLG) lm/ ZnO NR array-based UV PD. 124 The step-by-step fabrication of the device is illustrated in Fig. 6a (inset shows the PMMAsupported MLG on ZnO NR array), where the respective (Fig. 6b ). Due to the work function difference in between graphene (4.6 eV) and ZnO (4.4 eV), the Schottky junction is formed by energy band bending in the upward direction, and hence, efficient electron and hole separation occurs due to the built-in electric eld under exposure to UV light. As a result, outstanding photoconduction, nearly three orders of magnitude higher under exposure to UV illumination (365 nm, 100 mW cm À2 ) at the reversed bias voltage was observed (Fig. 6c , typical I-V responses taken with and without UV illumination), which is much higher than that of conventional ZnO nanomaterial-based PDs. The authors also reported the higher responsivity of 113 A W À1 at À1 V together with a faster photodetection speed of 0.7 ms response time and 3.6 ms recovery time (Fig. 6d) . The attributed higher photodetection performance of the PD was mainly due to the rapid transportation of photogenerated charges through monolayer graphene under exposure to UV light and built-in electric eld. Under a reverse bias condition, the strength of the Schottky barrier height was enhanced to reduce the dark current. Upon exposure to UV light, the photogenerated electrons were transported from ZnO to graphene by crossing the barrier to generate a photocurrent. Fig. 6g shows the I-V characteristics both in the absence and presence of UV illumination at different intensities, where with an increase in UV illumination intensity, the current in the reverse bias direction increased due to the increase in the electron and hole generation efficiency. The asymmetric I-V proles demonstrated Schottky junction formation between graphene and ZnO. The fabricated PD displayed a response time and recovery time of <1 s and 22 s (Fig. 6h) , respectively. The authors noted that because of the existence of defect states such as O and Zn vacancies or excess Zn and O atoms in ZnO, the PD exhibited a relatively slow response under exposure to UV light. Moreover, the authors reported a high responsivity of 3 Â 10 4 A W
À1
and specic detectivity of 4.33 Â 10 14 Jones in the reverse bias condition. 3.1.3 Homojunction/heterojunction-based UV photodetectors. In recent years, homojunctions and heterojunctions of ZnO nanomaterial-based UV PDs have been reported, where the generated built-in electric eld at the semiconductor/ semiconductor interface boosts the overall photoconductivity through the separation of photogenerated charges. In ZnO homojunctions PDs, n-type ZnO nanostructures with p-type ZnO nanostructures are mostly conjugated to form p-n type homojunctions. Under exposure to UV illumination, the photogenerated electrons are driven to the n-type region, while holes move toward the p-type region due to the internal built-in electric eld. Leung and coauthors fabricated a p-n homojunction visible-blind UV PD based on n-type ZnO NWs covered with a p-type Al, N co-doped ZnO lm.
126 Fig. 7a illustrates the device schematic of the as-fabricated p-n ZnO PD, which was fabricated via a combination of hydrothermal synthesis and sol-gel synthesis methods (Fig. 7b cross-sectional image) . The typical I-V proles (Fig. 7c and inset shows the ohmic characteristics of the electrodes (ITO and Au) with ZnO) of the PD conrm a p-n junction device characteristic, and its current characteristic is nonlinear with respect to the reverse bias. The measured reverse leakage current and turn-on voltage for the homojunction were $5 mA and $1.5 V, respectively. The current in the reverse bias direction increased upon exposure to UV illumination (380 nm, incident power $ 55 mW) and at the reverse bias voltage of À3 V, the observed response current was 150 mA. As illustrated in Fig. 7d , the photoresponse spectra PD at different bias voltages conrm its UV sensitive behavior. However, the PD also showed a weak response to orange/red light due to the deep-level defects in ZnO, which was conrmed from the photoluminescence spectrum (inset gure). The authors measured the responsivity of 4 A W À1 at a reverse bias voltage of À3 V and no other photodetection parameters were measured. Wang et al. fabricated Sb-doped p-type ZnO NW and n-type ZnO lm homojunction UV PDs, as depicted in Fig. 7e (schematic diagram), 127 where the typical I-V characteristics ( Fig. 7f) with and without exposure to UV illumination conrmed their UV sensitive response. Similarly, a small photocurrent peak at around 570 nm at all the applied bias voltages was observed due to the defects in ZnO (Fig. 7g) 134 vertically stacked ZnO sheet-like nanorod p-n homojunction, 135 ZnO microwire p-n homojunction, 136 and ZnO NW p-n homojunction.
137
Heterojunctions of ZnO nanomaterials with other semiconductors have been introduced to form p-n junctions or n-n junctions depending on the photoactive materials for UV PDs, for example, ZnO/Si heterojunction, 138 ZnO NWs/p-GaN 
heterojunction,
139 n-Ga:ZnO NRs/p-GaN heterojunction, 140 NiO/ ZnO heterojunction, 141 ZnO/GaN heterojunction, 142 ZnS-ZnO heterojunction, [143] [144] [145] [146] p-GaN/n-ZnO NRs heterojunction, 147 ZnO NR/graphene heterostructure, 148 and ZnO NP-graphene coreshell heterostructure.
149 Unlike homojunctions, photogenerated electrons and holes are separated by internally generated and externally applied electric elds under UV illumination. Hence, the selection of the semiconductor material to form heterojunctions with ZnO is important, which denes the strength of the internal electric eld. As shown in Fig. 8a (device schematic), Tsai and co-authors reported p-type NiO with n-type ZnO for a p-NiO/n-ZnO heterojunction UV PD. 150 The energy band diagram of the respective p-NiO/n-ZnO heterojunction is illustrated in Fig. 8b , conrming the generation of a built-in electric eld due to the Fermi level alignment. Diode-like characteristics (Fig. 8c, I -V) with a leakage current of 6.64 Â 10 À8 A cm À2 were obtained in the PD. Upon UV illumination on the PD, the current increased in both the forward and reversed bias directions and the current sensitivity of 11.56 was measured at a reverse bias voltage of À1 V. No additional photodetection parameters for the heterojunction PD were reported by the authors. Tian and co-authors fabricated a ZnO and SnO 2 (n-n) heterojunction (ZnO/SnO 2 ) UV PD, as illustrated Fig. 8d (energy band diagram). 151 It can be seen from the schematic (Fig. 8d ) that the photogenerated holes move from SnO 2 to ZnO and electrons from ZnO to SnO 2 due to the internal built-in electric eld, which facilitates the overall photoconduction process upon exposure to UV illumination. As shown in Fig. 8e , the typical I-V proles recorded with and without light illumination (250 to 400 nm) showed photoconduction behavior. Under UV light illumination of 300 nm (0.45 mW cm À2 intensity) on the PD, the current increased from 1.7 pA to 7.9 nA ($4600 times enhancement) at a bias voltage of 10 V. Likewise, effective increments in the current were reported when the PD was exposed to light sources of 250 nm, 280 nm, 320 nm and 350 nm. The highest sensitivity of $5 Â 10 3 was measured upon exposure to 300 nm wavelength on the PD due to the highest light power intensity. Moreover, the PD showed a sensitive response upon exposure to 400 nm light having energy below than the band gaps of ZnO and SnO 2 , which was mainly due to the possible transition of carriers from the defect states to the CB. As shown in Fig. 8f , the spectroscopic photoresponse and inset (absorption spectrum) of the PD conrmed its UV sensitive photoresponse with an exhibited threshold excitation energy of 3.6 eV, which is close to the bandgap energy of the ZnO/SnO 2 heterojunction. The measured photodetection speed for the ZnO/SnO 2 heterojunction PD was 32. can be concluded that junction-based UV PDs show a higher photodetection performance compared to their pristine counterparts due to synergistic effects and generated internal electric elds.
As mentioned earlier, ZnO displays a piezoelectric effect due to its noncentral-symmetric crystal structure, where 1D ZnO nanomaterials show a higher piezoelectric response due to their c-axis orientation. Under external force/strain, piezoelectric potentials are generated across 1D nanomaterials, which can be considered to control photogenerated charge carrier separation, transportation, generation and recombination. [153] [154] [155] Therefore, currently, the piezoelectric effect is considered an additional advantage of ZnO, which helps in tuning the photoconductivity of PDs. Wang's group developed a ZnO/ZnS heterojunction core/ shell NW PD, where the piezo-phototronic effect was introduced for photoresponse enhancement. 156 As illustrated in Fig. 9a , ZnO/ZnS core/shell NWs were directly grown on an ITO-coated glass substrate, then an Ag/polyester zigzag electrode was connected on top of the NWs and external compressive loads were applied from the Ag/polyester zigzag electrode, where UV illuminated the ITO substrate. The as-fabricated PD displayed a highly sensitive response to UV (385 nm), blue and green illumination, as depicted in Fig. 9b (I-V responses) . It was concluded that under light illumination, with photon energy smaller than the band gaps of ZnO and ZnS, indirect type-II transitions of electrons from the VB (ZnO) to CB (ZnS) take place at the interface of the ZnO core and ZnS shell. Moreover, the authors enhanced the photoconduction performance of the PD by coupling the piezo-phototronic effect, which facilitated the lowering of the barrier height across the ZnO/ZnS interface for easy charge carrier transportation, and hence an increase in current with an increase in external load (Fig. 9c, I nearly an order of magnitude higher than that with no load. Fig. 9d shows the comparative change in the responsivity ((R Load À R o /R o ) Â 100%, where R Load and R o are the responsivities with and without load, respectively) plots with respect to the applied compressive load, which increased with an increase in the external load due to the increase in the piezo-phototronic effect. The associated piezo-phototronic effect can be explained from the schematic diagrams in Fig. 9e , where (i) and (ii) are the band diagrams of the PD before and aer bend alignment, respectively. The direct band to band and indirect type-II transitions of electrons under exposure to light in the absence of an external load are depicted in Fig. 9e(iii) . As shown in Fig. 9e(iv) , the generation of piezopotentials across the ZnO NRs led to band bending for efficient charge carrier transportation across the ZnO/ZnO interface under illumination in the presence of external compressive strain. Zhang and co-authors fabricated piezo-phototronically modulated a ZnO/CdS core-shell micro/NW-based PD, as illustrated in Fig. 9f (top schematic) , and the bottom schematic shows the proposed model of the PD integrated with back-toback Schottky diodes under compressive strain. 157 Remarkably, the photoconduction of the PD increased with an increase in compressive strain under steady state UV illumination (372 nm, 6.36 Â 10 À5 W cm À2 ) (Fig. 9g) . It was found that the photocurrent of the PD increased from 12.9 to 144 nA when the strain increased to À0.31% at a positive bias voltage of 2.0 V. A similar response was also noticed when the PD was illuminated by green light (548 nm, 1.43 Â 10 À3 W cm
À2
). As depicted in Fig. 9h , with the change in responsivity with compressive strain under both green and UV light illumination, nearly more than 10 times enhancement in the responsivity of the PD was measured under À0.31% strain compared to that in the unstrained condition. Moreover, Luo and coauthors fabricated a p-NiO/n-ZnO type piezo-phototronic-based UV PD, and the recovery time of the PD was notably improved through modulation of its piezopotentials.
158 An Au-MgO-ZnO NW piezo-phototronic-based UV PD was reported by Zhang's group. 159 They effectively enhanced the sensitivity of the PD by controlling the piezo-phototronic effect. Likewise, a number of piezo-phototronic-based UV PDs have been reported, for instance, ZnO-Ga 2 O 3 core-shell heterojunction microwire, 160 CuI/ZnO double-shell nanostructure,
161
ZnO/NiO core/shell NRs, 162 ZnO microwire, 163 and ZnO/Cu 2 O heterojunction 164 to enhance the overall photoconductivities. It needs to be noted that in the last few years, incredible research progress has been made in conventional ZnO nanostructure UV PDs, and Table 2 summarizes some of the highperformance conventional UV PDs.
Self-powered UV photodetectors
In a conventional UV PD, an external driving force needs to be applied for the separation and transportation of photogenerated electrons and holes for photoconduction. Hence, conventional UV PDs sometimes consume a large amount of energy and reduced lifetime due to the generation of internal heat in the presence of an external bias voltage. It has been realized that junction-based PDs generate internal built-in electric elds, which effectively participate in e À -h + pair separation and transportation without any external driving force (self-powered). 9 Thus, signicant research has been devoted towards the fabrication of self-powered UV PDs in the modern scientic community. Self-powered UV PDs have additional advantages such as extremely low power consumption, resolve unnecessary energy-related issues and reduce the overall size of PDs over conventional PDs. Moreover, self-powered PDs display a faster photoconduction performance due to the quick separation and transportation of photogenerated electrons and holes by their internal built-in electric eld under UV illumination.
3.2.1 Schottky junction-based self-powered UV photodetectors. ZnO Schottky junctions have been introduced for selfpowered UV PDs, where the generated internal built-in electric eld across the junctions allow charge separation and conduction in the absence of a bias voltage. Zhang's group fabricated a single Sb-doped ZnO nanobelt bridging an ohmic contact (Ag) and a Schottky contact (Au) PD for self-powering.
46
The as-reported PD showed a self-powered photodetection performance, and upon exposure to UV illumination, the current increased from 1 to 23 nA in the absence of a bias voltage. Sb doping in ZnO introduces a high donor impurity density, which increases the electric eld strength, resulting in an enhancement in self-powering performance. This PD displayed a much faster photodetection speed of less than 100 ms. Duan and co-authors reported a graphene and ZnO:Al NR array-lm (AZNF) (graphene/AZNF) Schottky junction for application in self-powered UV PDs. 187 As shown in Fig. 10a (device schematic), an ZnO:Al seed layer was rst sputtered on an Al substrate for the growth of vertically aligned pristine ZnO NWs. Thereaer, graphene was transferred on top of the NRs and the PD fabricated by depositing an Au electrode on the edge of graphene. For an efficient self-powering performance, the as-synthesized AZNF was surface treated (T-AZNF) and pristine graphene (PG) was doped (DG) with Au 3+ to control the Schottky junction height. Fig. 10b and c show the I-V proles of the PDs in the dark and UV (365 nm) states, and it was found that as-fabricated DG/T-AZNF PD displayed good rectifying behavior, having a lower leakage current of 6.2 Â 10 À3 mA at À1 V compared to 1.3 Â 10 À1 mA for the DG/AZNF device, while the PG/T-AZNF device displayed linear non-rectifying behavior. However, upon exposure to UV illumination, the DG/AZNF device displayed an unstable Schottky barrier, while the DG/T-AZNF device maintained good rectifying behavior (Fig. 10c ), which resulted in stable self-powered photodetection (Fig. 10d , cyclic photoresponses at different UV illumination intensities at zero bias voltage). The measured responsivity and photodetection speed of the DG/T-AZNF PD were 0.04 A W À1 , 37 ms (response time) and 330 ms (recovery time), respectively. Fig. 10e shows the formation of a Schottky junction having barrier height of 1.03 eV in between DG and the AZNF interface. Likewise, asymmetric Schottky junction-based self-powered UV PDs were reported by Chen and co-authors, where Au asymmetric electrodes were introduced to control the charge carrier transportation.
188 Fig. 10f shows schematic diagrams of the fabricated devices having different asymmetric Au electrode width ratios (width of wide ngers : width of narrow ngers), including 20 : 1 (S1), 10 : 1 (S2), 4 : 1 (S3), 2 : 1 (S4) and 1 : 1 (S5). Fig. 10g shows the photoconduction measurement conguration (le schematic) and optical image of the respective PDs (right image). The I-V characteristics of the PDs with and without UV illumination are depicted in Fig. 10h and i, conrming their rectifying behaviors. It can be observed from the results that with an increase in asymmetric ratio from S5 to S1, the I-V asymmetricity between the positive and negative voltage increased due to the increase in the asymmetric Schottky barrier width in both the absence and presence of UV illumination. The authors reported efficient self-powered photoconduction responses in the S1 PD, which were $20 mA W À1 responsivity, $710 ns response time and $4 ms recovery time, where the S3-S5 PDs showed relatively negligible self-powered responses due to their nearly back-to-back symmetric Schottky barrier width. The self-powered working mechanism of S1 can be explained by the energy band diagrams before and aer UV illumination ( Fig. 10j and k, respectively) . Upon exposure to UV illumination, electrons and holes are photogenerated (Fig. 10k , top schematic) and due to the asymmetrical width of the Au electrodes, an asymmetric electric potential distribution occurs, where the generated carriers become separated and transported by the potentials at zero bias voltage (Fig. 10k, bottom  schematic) .
Similar to that in piezo-phototronic-based conventional UV PDs, the piezo-phototronic effect of ZnO was coupled to enhance the performance of self-powered PDs. The generated piezopotentials across ZnO allow the separation and transportation of photogenerated electrons and holes, which boost the selfpowered photoconduction of PDs. A ZnO/Au Schottky junctionbased self-powered UV PD was explored by Zhang's group, 189 where its self-powered photodetection performance was improved by applying an external strain. Fig. 11a depicts the optical image (top) and schematic representation of the fabricated ZnO/Au PD on a exible polystyrene substrate. As shown in Fig. 11b , the typical I-V characteristics (in linear and log scales) conrmed the rectifying barrier between ZnO and Au, having an ideality factor of about 3.04. It was reported that with an increase in strain from 0 to 0.580%, the self-powered photoconduction of the PD increased due to the increase in piezopotential, as depicted in Fig. 11c (cyclic photoresponses at different tensile strains), where Fig. 11d illustrates the photocurrent versus strain plot. At an applied tensile strain of 0.580%, nearly 440% enhancement in the photocurrent and ve times improvement in sensitivity were measured compared to that with zero strain (Fig. 11e) . The enhanced photoconduction of the PD under external tensile strain can be explained from the schematic shown in Fig. 11f (device schematic and bend diagram under tensile strain). Under an external tensile strain, enhancement and expansion of the built-in eld occur at the ZnO/Au interface, which directly participates in the photoexcited separation and extraction to increase the self-powered photoconduction. 3.2.2 p-n junction-based self-powered UV photodetectors 3.2.2.1 Inorganic homojunction/heterojunction-based selfpowered UV photodetectors. In a p-n junction self-powered UV PDs, the generation of a built-in electric eld occurs due to spontaneous electron and hole diffusion. The generated internal built-in electric eld at the p-n junction interface is benecial for the separation and transportation of photogenerated electrons and holes under UV illumination in the absence of an external driving force. Hence, the overall selfpowered photoconduction is determined by the generated internal built-in electric eld. Fig. 12a shows the SEM image of the n-ZnO NW/p-GaN junction self-powered UV PD reported by Bie and coauthors. 190 The typical I-V proles (Fig. 12b ) of the PD in the dark and UV (325 nm) states conrm its rectifying behavior, having a threshold voltage of $3 V, open-circuit voltage of $2.7 V and short-circuit current of $2 mA. Upon exposure to UV illumination, the current of the PD increased from $1 pA to 2 mA at zero bias voltage due to the photovoltaic effect. Fig. 12c depicts the cyclic photoresponses of the PD measured with UV illumination turned on and off periodically at zero bias voltage, where an outstanding sensitivity $10 6 together with a much faster photodetection speed of $20 ms response time and $219 ms recovery time were reported by the authors. Zhang's group fabricated a p-NiO/n-ZnO NRs selfpowered UV PD (Fig. 12d, device schematic) . 191 A signicant enhancement in the current was observed upon exposure to UV illumination (355 nm) at zero bias voltage (Fig. 12e, I -V characteristics in both the dark and UV states) and Fig. 12f Recently, the development of transparent and self-powered UV PDs has been given signicant attention in the scientic community, where Fang group's has been focusing on the fabrication of transparent and self-powered UV PDs. For instance, a homojunction of n-type ZnO and Ag-doped p-type ZnO nanobers was reported for application in transparent and self-powered UV PDs.
196 Fig. 13a shows the simulated electric eld distribution around the three electrode collectors applied for the alignment of the as-prepared nanobers (le image) and the electrospinning system for nanober synthesis (right image). The optical images of the aligned nanobers and asfabricated transparent and self-powered UV PDs are depicted in Fig. 13b and c, respectively. The authors observed that the doping of Ag on ZnO not only reduced the photoresponse time but also transformed the n-type ZnO to p-type conductivity for the direct fabrication of homojunction-based self-powered PDs, where Fig. 13d shows the p-n junction type I-V characteristics in both the absence and presence of UV illumination (360 nm, 2.5 mW cm À2 ). It can be observed from the I-V characteristics that the fabricated PD exhibited a clear rectication nature and Likewise, the same group extended their study to the fabrication of transparent and self-powered UV PDs based on ZnO/ NiO heterojunction nanober arrays. 197 As shown in Fig. 13f , the I-V proles of the ZnO/NiO heterojunction PD (inset image) in the dark and UV states imply rectication p-n junction behavior with a photovoltaic effect, where the respective energy band diagram is depicted in Fig. 13g . Under exposure to UV illumination (350 nm, 0.753 mW cm À2 ), the photogenerated electrons are driven towards ZnO; whereas, the holes move to NiO due to the internal built-in electric eld at the interface to generate a photocurrent of 50 pA in the absence of an external bias. Fig. 13h shows the estimation of response time and recovery time of the transparent and self-powered UV PDs, which are around 7.5 s and 4.8 s, respectively. In addition, the PD showed a maximum responsivity of 0.415 mA W À1 at 0 V bias voltage condition. However, negligible photoresponses of pristine ZnO and NiO were observed when the photoresponses were measured in absence of an external bias voltage (Fig. 13i) , which implies that the internal built-in electric eld needs to drive the photogenerated electrons and holes internally for self-powered photoconduction.
3.2.2.2
Inorganic-organic heterostructure-based self-powered UV photodetectors. Similar to inorganic homojunctions/ heterojunction p-n type self-powered PDs, the organic-inorganic heterojunctions that form p-n junctions can also be operated without an external bias, where the generated internal electric eld due to Fermi energy level alignments separate and drive the photogeneration of charges. This type of PD mainly comprises organic and inorganic semiconductors, where the inorganic semiconductor acts as the light sensitive material, while the organic semiconductor provides the direct charge conduction channel. Therefore, organic semiconductors can be used for either electron or hole transportation, depending on the type of inorganic semiconductor. Due to the n-type semiconducting behavior of ZnO, p-type organic semiconductors such as PEDOT:PSS, Spiro-MeOTAD, and P3HT are preferable for the generation of an internal built-in electric eld.
As illustrated in Fig. 14a (device schematic), we fabricated a ZnO NR and PEDOT:PSS-based self-powered UV PD, 198 where properties of the ZnO were altered by doping chlorine (Cl) (Cl:ZnO) for better light trapping probability and PEDOT:PSS for efficient hole transportation efficiency by introducing dimethyl sulfoxide (DMSO-PEDOT:PSS). A much better self-powered photoresponse was observed in the Cl-ZnO NRs/DMSO-PEDOT:PSS PD (#4) as compared to that of ZnO NRs/ PEDOT:PSS (#1), Cl-ZnO NRs/PEDOT:PSS (#2) and ZnO NRs/ DMSO-PEDOT:PSS (#3) (Fig. 14b, cyclic photoresponses) . PEDOT:PSS and then Ag electrode for self-powered photoconduction due to the built-in potentials. Cl doping in the ZnO NRs not only enhanced the charge carrier density, but also enhanced the surface roughness of the NRs, and hence increased the light trapping probability upon UV illumination (Fig. 14d and e shows the simulated electric eld distributions on the smooth ZnO NR surface and rough Cl-ZnO NR surface, respectively). Fig. 14f shows the light harvesting efficiency (LHE ¼ 100% À transmission% À reection%) plots with respect to light wavelength (350 to 800 nm) of the ZnO NRs and Cl-ZnO NRs, which conrmed the capture of more photons on the rough surfaces of the Cl-ZnO NRs. At the UV illumination intensity of 3 mW cm À2 (365 nm), the measured self-generated photoresponses of the Cl-ZnO NRs/DMSO-PEDOT:PSS PDs were 300 nA (response current), 0.80 mA W À1 (responsivity), 1.12 Â 10 10 Jones (specic detectivity), 30 ms (response time) and 32 ms (recovery time). Likewise, Basak's group fabricated a ZnO@CdS core-shell NR and PEDOT:PSS-based self-powered PD, as depicted in Fig. 14g (device schematic) . 199 The energy band diagram of the respective PD is shown in Fig. 14h , illustrating the migration of photogenerated electrons from ZnO to ITO and holes to CdS then PEDOT:PSS and nally to the Al electrode upon exposure to UV illumination. The authors optimized the self-powered photoresponse by controlling the CdS coating times from 0 (ZnO NRs) to 40 times (CdS40), and it was found that the 30-times CdS (CdS30) coated ZnO NRs showed the maximum selfpowered response due to the optimum UV absorption efficiency in the CdS@ZnO core-shell structure, and thereby increased sensitivity of 2.8 Â 10 3 compared to the pristine ZnO NRs of sensitivity of 90 at 1 mW cm À2 UV illumination intensity.
Moreover, the as-reported PD displayed a faster photodetection speed of $20 ms response time and $40 ms recovery time. Furthermore, the authors extended the self-powered photoconduction measurement of the ZnO@CdS/PEDOT:PSS PD to visible light. Moreover, we fabricated hydrogenated ZnO (H:ZnO) NFs and PEDOT:PSS heterostructure for application in self-powered UV 
PDs.
47 It was found that the H:ZnO NFs PD showed much higher photoresponse (1000 nA of response current) compared to that of the hydrogenated ZnO NR-(400 nA response current) and pristine ZnO NR-(40 nA response current) based PDs due to the abundant charge carrier density aer hydrogenation and efficient light capturing in NFs. A higher LHE (98%) in the NF structure at 300 nm wavelength was measured due to the higher light adsorption capacity in the cavity of the NFs compared to that in the NRs or planar seed layer, which was 84% and 30%, respectively. Thereby, the fabricated H:ZnO NFs/PEDOT:PSS PD displayed efficient photodetection performances, including responsivity of 2.65 mA W À1 and 5.25 Â 10 10 Jones specic detectivity at 3 mW cm À2 UV (365 nm) illumination intensity in the absence of any external driving force. In addition, a faster photodetection speed of 23 ms response time and 26 ms recovery time was measured in the self-powered PD.
To explore the piezo-phototronic effect of ZnO for selfpowered photoresponse application, Zhang's group fabricated a ZnO and Spiro-MeOTAD (p-n) heterojunction-based selfpowered UV PD and enhanced its self-powered photoresponse performance by applying an external strain. 200 As expected, the photoconduction of the PD increased with an increase in tensile strain due to the increase in the barrier height of ZnO and SpiroMeOTAD (positive piezopotential at the interface), resulting in the effective separation of photogenerated charges upon exposure to UV, thereby improving the self-generated photoconduction. Nearly a one-fold enhancement in photocurrent (1.64 Â 10 À7 A), responsivity (0.8 mA W À1 ) and specic detectivity (4.2 Â 10 9 Jones) was reported by the authors when a tensile strain of 0.753% was applied on the PD in the absence of an external bias voltage.
With the rapid development of ZnO-based self-powered UV PDs, it has been realized that under light illumination, a transient increase in temperature across the ZnO nanostructures occurs to generate a potential known as pyro-potential. The induced pyro-charges under UV introduce an additional current, which enhances the overall self-powered photodetection performance of ZnO PDs. The pyro-phototronic effect is a very fast and rapid phenomenon, which can be utilized for ultrafast photon detection applications. 201, 202 Recently, several reports on pyro-phototronic-based ZnO self-powered UV PDs have been published by various research groups. Among them, Wang's group widely applied this effect for ultrafast selfpowered photodetection applications.
203 Fig. 15a and b show a schematic representation of the ZnO NWs/PEDOT:PSS selfpowered PD and its respective cyclic photoresponse upon exposure to UV illumination (325 nm, 2.30 mW cm
À2
) in the on and off states repeatedly at zero bias voltage. The current-time prole of the PD was completely different from the conventional UV PDs, where four stages (I, II, III and IV) of photocurrent dynamic behavior were measured, as shown in the magnied graph of Fig. 15b . In stage I: under UV illumination, the photogenerated electrons and holes migrated to the respective electrodes (ITO and Ag) for photocurrent generation (I photo ), and simultaneously, a rapid increase in temperature in the ZnO NWs occurred to generate pyroelectric polarization potentials, i.e. pyro-potentials across the ZnO NWs. The positive pyropotentials appeared at the PEDOT:PSS side; whereas, negative at the ITO electrode side according to the c-axis alignment of ZnO NWs, which resulted in the generation of an additional spike current known as pyro-current (I pyro ). Therefore, the overall current of the PD in stage I can be expressed as I ¼ I photo + I pyro (Fig. 15c(i) , schematic illustration of photoconduction at stage I). While the PD is under constant UV illumination, the temperature generation of the ZnO NWs remained almost unchanged and the pyroelectric effect disappeared in stage II (Fig. 15c(ii) , I ¼ I photo ). When UV light is switched off, the photocurrent of the PD goes to zero (I photo ¼ 0), but a rapid decrease in temperature takes place across ZnO NWs, which generates opposite distribution of pyro-potentials across the ZnO NWs for a reverse spike pyro-current (I ¼ ÀI pyro ) in stage III (Fig. 15c(iii) ). While the PD is under maintained in dark condition, the generated temperature under UV keeps constant and nally, pyro-current of the PD transforms to its original condition (I ¼ I dark ) as depicted in Fig. 15c(iv) . This pyrophototronic effect in ZnO increased with an increase in the UV radiation temperature (illumination intensity). Fig. 15d shows the variation in I pyro+photo and I photo with UV illumination intensity, where nearly 350% enhancement (E ¼ (I pyro+photo À I photo )/I photo ) in the photoresponse at 2.30 mW cm À2 was reported due to the photo-phototronic effect (inset in Fig. 15d) .
Likewise, Fig. 15e shows the corresponding responsivities of the R pyro+photo and R photo of the PD, where 500% enhancement in these parameters was reported aer considering the pyrophototronic effect (inset in Fig. 15e ). Moreover, we tuned the pyro-phototronic effect of ZnO NRs by tuning the charge carrier density by doping halogen elements, 204 and Fig. 15f and g depict the device schematic and photoresponse prole of the Cl:ZnO NRs/PEDOT:PSS-based self-powered PD, respectively. Interestingly, it was found that the pyro-phototronic response of the ZnO NRs increased with the charge carrier density, where an efficient photoresponse was observed in the Cl-doped ZnO (Cl:ZnO) NRs due to the highest charge carrier density, and Fig. 15h shows the similar transient current prole of the PD upon exposure to UV illumination in the absence of a bias voltage, where four stages in the current prole were observed due to the pyro-phototronic effect. The photocurrent (I ph ) and pyrocurrent (I py ) plots with respect to the charge carrier density of the ZnO NRs conrm the enhancement in the photoresponse behavior. At the carrier density of 3. (Fig. 16a depicts the device schematic) . 209 The self-powered photoconduction performance of the PECC can be conrmed from the typical I-V characteristics (Fig. 16b) , where a larger short circuit current response of 0.8 mA and an opencircuit voltage of 0.5 V were measured upon exposure to UV light (365 nm, 1.25 mW cm
). The as-reported PECC showed a maximum responsivity of $0.022 A W À1 together with a reasonable photodetection speed with the same response time and recovery time of $0.1 s. As illustrated in Fig. 16c , the selfpowered photoconduction mechanism of the PECC PD can be explained from the energy band diagram, where upon UV illumination, the photogenerated holes in the ZnO NN arrays are driven to the ZnO and electrolyte interface due to the built-in potential and captured by redox molecules according to the relation, h + + OH À / OHc. Simultaneously, the photogenerated electrons are collected by the FTO electrode and transported to the counter electrode (Pt/FTO) through the external circuit. Finally, the photogenerated electrons become neutralized by the redox molecules at the counter electrode and reduced back to the reduced form of OH À through the process, e À + OHc / OH À . This process occurs incessantly to generate a photocurrent under UV illumination in the absence of an external driving force. Xie's group fabricated TiO 2 -coated ZnO nanostrawberry (NS) (ZnO NS-TiO 2 ) core-shell photoanodes for application in PECCtype self-powered UV PDs, as depicted in Fig. 16d (schematic of the energy band diagram under self-powered photoconduction). 210 The photogenerated holes under UV illumination migrated to the TiO 2 /electrolyte interface for the reaction of h + + I À / I 3 À due to the internal built-in electric eld, while the photogenerated electrons were transported to the counter electrode through ZnO and the external circuit. Finally, the oxidized redox species were reduced at the counter electrode by electrons (I 3 À + e À / I À ). The authors reported higher selfbiased photoresponse behavior in the ZnO NS-TiO 2 core-shell photoanode (357 mA cm À2 ) compared to the pristine ZnO NS photoanode (234 mA cm À2 ) due to the obvious generated builtin electric eld at the ZnO and TiO 2 interface (Fig. 16e , cyclic photoresponses at 365 nm and 20 mW cm À2 intensity). The ZnO NS-TiO 2 core-shell photoanode-based PECC PD showed a sensitivity of $37 900, maximum responsivity of $0.38 A W
À1
at $330 nm together with a faster photodetection speed of $22 ms (response time) and $9 ms (recovery time) (Fig. 16f) With the constant efforts and research dedication by researchers, various ZnO nanostructure-based self-powered UV PDs have been reported, and Table 3 summarizes the photoresponse performances of the various reported ZnO nanostructures/heterostructure-based self-powered PDs.
Conclusions and perspectives
This article reviewed the recent development in ZnO nanostructure/heterostructure-based UV PDs from the conventional to self-powered device designs. The intrinsic ZnO photoresponse mechanism and various potential nanostructures ranging from 0D to 3D were briey introduced. Both the conventional and self-powered ZnO-based UV PDs were precisely categorized based on device structure and working mechanism, where recently introduced novel phenomena such as piezo-electric, pyro-electric and plasmonic effects for efficient photoconduction were discussed carefully. Moreover, there are still a couple of that issues need to be investigated in the development of next-generation conventional and self-powered UV PDs as follows:
Improvement of photodetection speed of UV photodetectors
It can be observed from the literature ( Table 2 ) that the photodetection speed (response time and recovery time) of conventional ZnO-based UV PDs varies from a few hundred seconds to milliseconds. It is important to note that the existence of native defects such as O and Zn vacancies and the excess of Zn and O atoms in ZnO behave like trapping centers for charge careers to extend the recombination and charge carrier generation time under exposure to UV illumination. Therefore, it is very important to reduce the native defects in ZnO nanostructures for efficient photoconduction.
Reduction of lattice mismatch of heterostructures
It is well known that homojunction/heterojunction-based ZnO PDs show a higher-photoresponse performance than their bare counterparts due to the internal built-in electric at their interface. Sometimes, heterojunction-based ZnO PDs show a slower response time and recovery time during photoconduction, which is mainly due to the defect states present at the junction interface originating mainly due to lattice mismatch at the interface of heterostructures. Therefore, to achieve a desirable photoresponse in homojunction-or heterojunction-based UV PDs, the lattice mismatch at the interface needs to be reduced.
Improvement of responsivities of self-powered photodetectors
It is necessary to highlight that even though there has been signicant research effort in the development of ZnO selfpowered PDs with rapid photodetection speed and superior sensitivity, the responsivities of the reported self-powered ZnO PDs are still limited, which are relatively lower than that of conventional ZnO UV PDs (Tables 2 and 3) . As discussed earlier, the built-in electric elds at the junctions/interfaces of selfpowered UV PDs dene their photoresponse performance in terms of both response current and responsivity. Thus, to enhance the responsivity of self-powered PDs, the strength of the built-in electric eld and the photoconductivity of photoactive materials for faster conduction need to increase for the realization of their direct practical applications.
Optimization of surface roughness of nanomaterials
ZnO nanostructure morphologies play a crucial role in the light trapping effect, which determines the electron and hole pair generation efficiency. Therefore, the optimum surface roughness on ZnO nanostructures needs to be considered to increase the surface-induced photocharge effects. In addition, the carrier concentration of ZnO nanomaterials needs to be improved for optimum charge conduction.
Development of on-chip and planar wearable UV photodetectors
Nowadays, the rapid increase in the demands of portable modern electronic devices have made it necessary for on-chip, small size, lightweight with high-performance miniaturized UV PDs. Therefore, to fulll these requirements, wearable highperformance UV PDs 232 and silicon-compatible-based conventional/self-powered UV PDs for on-chip and planar technology 233, 234 need to be focused on in upcoming research.
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